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ABSTRACT 

Experimental data are presented on the combustion rate of ATJ- 

graphite specimens at surface temperatures from 1600 to 4100   R.    The 

specimens were flat-faced cylinders in a subsonic stagnation-point air flow 

from a 200-kW electric plasma arc.    A comparison is made with the recent 

theoretical results of Welsh and Chung for the combustion of graphite under 

conditions where the effects of boundary layer diffusion and heterogeneous 

kinetics are both significant in limiting the combustion rate.     The comparison 

indicates qualitative agreement between theory and experiment.     The 

combustion rate varied over an extended range,   the lower portion of which 

is ascribed to the well-recognized effect of heterogeneous kinetics,   and 

the upper portion is believed to reflect a change in the effective product of 

combustion at the surface. 
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NOMENCLATURE 

Al. Az constants defined in Ref. 3 

C (p   u.      p   [i   ) xrwrw  rere 

Cl oxygen mass fraction 

c 
p 

specific heat 

d diameter 

hD 
dissociation energy- 

h s free-stream enthalpy 

k thermal conductivity 

L specimen length 

Le Lewis number 

M molecular weight 

m mass flux 

n reaction order,   number of computation segments,   or 
number of moles 

P external pressure 

Pr Prandtl number 

q heat flux 

R gas constant or Rankine temperature 

Sc Schmidt number 

T temperature 

t time 

u velocity normal to surface 

x axial distance in specimen 
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NOMENCLATURE (Continued) 

a thermal diffusivity 

P inviscid velocity gradient 

e body shape parameter 

[i viscosity 

p density 

Subscripts and Superscripts 

(  ) average 

d.i. diffusion-limited 

e external 

i general designation 

J jet 

ref. reference at CO d. 1 

s stagnation point 

w wall 
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I.    INTRODUCTION 

The entry of a space vehicle into a planetary atmosphere is accompanied 

by severe heating of the vehicle surface by the shock-heated gases surrounding 

the vehicle.    This heating produces high surface temperatures which may 

involve melting,   sublimation,   or combustion of the surface material,  depending 

on the nature of the material and the gaseous environment.    Reinforced 

plastic materials  considered for re-entry heat shields decompose upon rapid 

heating to a porous graphitic structure much like charcoal.    Dense artificial 

graphites are also considered for re-entry   heat shields; pyrolytic graphite 

is attractive because of its anisotropic thermal conductivity.    The surface 

recession rate of a graphite material under re-entry conditions depends 

upon either the combustion rate of the material with the atmospheric gases, 

or the sublimation rate of the material.    These rates,   in turn,   depend on the 

combined characteristics of the material and the gaseous environment.    The 

surface recession rate is important because it affects the aerodynamic 

shape of the vehicle,  the thickness of the heat shield,   and the degree of 

thermal protection provided for the vehicle. 

Graphite sublimation rates are generally negligible for surface tem- 

peratures below 6000   R,   as noted by Scala (Ref.   1),   for entry into the earth's 

atmosphere where the material may burn with oxygen.    The surface tempera- 

ture of an ablative heat shield on a ballistic vehicle entering from an earth 

orbit is generally in a range such that the surface burns at a rate correspond- 

ing to the maximum rate at which oxygen can diffuse to the surface.    Lifting 

re-entry trajectories involve lower heat transfer rates and lower surface 

temperatures,   however,   and it has been shown (Ref.   1) that for this case 

the combustion rate may depend on the kinetics of the heterogeneous reaction 

at the surface between carbon and oxygen. 



Welsh and Chung (Ref.   2) have recently performed a boundary-layer 

analysis of the combustion rate of graphite at the stagnation region of a 

re-entry vehicle for a range of conditions between the kinetic-limited and 

the diffusion-limited extremes.    This analysis was performed using a closed- 

form approximation for existing solutions showing the effect on the mass- 

transfer rate of mass addition to a boundary layer.    The results were shown 

for Schmidt numbers of 0. 514 and 0.72 and bracketed,   at the diffusion limit, 

the results of a more extensive boundary-layer diffusion analysis of com- 

bustion by Scala (Ref.   1).    The results for Sc = 0. 514 were   13 percent higher 

than Scala's result; the Sc = 0.72 result was   12 percent lower than Scala's. 

These comparisons were made for a stagnation-point surface at 2000 to 

4000   R,   with carbon-monoxide assumed to be the only product of the surface 

combustion.    The transition from kinetic-limiting to diffusion-limiting 

conditions of combustion was described in terms of a Damkohler number 

that was a measure of the relative diffusion and reaction times. 

In a later analysis,   Welsh and Chung (Ref.   3) investigated a possible 

interaction between the kinetic-diffusion transition and the thermochemical 

equilibrium of gaseous species at the burning surface.    Here a choice had to 

be made between the following equilibria at the surface: 

C07(g) + C(s)^  2 CO(g) (i; 

2 C09(g) +Mn 2 CO(g) +0?(g) +M (2) 

The catalyst M in equilibrium (2) represents the carbon surface.    Scala 

(Ref.    1)   has utilized equilibrium (1) in an analysis of graphite combustion 

under diffusion-limited conditions.    It was shown in Ref.   3 that equilibrium 

(2) may be preferable in the kinetic regime,  where equilibrium (1) becomes 

questionable because of kinetic limitations.    The essential difference between 

the results of the two equilibria is in the effect of oxygen concentration on 

the COiCO-, concentration ratio at the surface.    The CO:CO? ratio at the 
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surface determines the level of the diffusion-limited combustion rate,  within 

a factor of two.    Scala's results  (Ref.   1) for the intermediate (kinetic- 

diffusion) regime,   calculated by an approximate series - res istance method, 

showed that CO was always the predominant species at the surface at the 

diffusion limit.    The surface oxygen concentration at the diffusion limit was 

calculated secondarily by the application of equilibrium (2) after the CO:CO~ 

ratio was determined from equilibrium (1). 

The results of Welsh and Chung (Ref.   3) for the intermediate regime 

showed that,   with equilibrium  (2),   the kinetic-diffusion transition usually 

involved predominantly CO-, at the surface and that at some higher tem- 

perature the surface species changed to CO.    These results are shown in 

Fig.   1  (reproduced from Ref.   3) for several re-entry flight conditions of a 

1 • ft nose-radius vehicle.    Examples of three classes of transitions are 

shown in the figure.    These are defined as:    Class  1,   a kinetic-diffusion 

transition with CO^ effective product at the surface;  Class 2,   a product- 

transition from CO? to CO with increasing surface temperature in the 

diffusion-limited regime;   Class  3,   a merging of Class   1  and 2 transitions. 

Had equilibrium (1) been utilized in these calculations the relative combustion 

rate would go from zero to unity in the temperature range shown for the 

Class   1 transitions.    Thus,  for a given material and flow condition, 

equilibrium (2) causes the combustion rate to vary significantly over a much 

larger temperature range than does equilibrium (1). 

It was felt that,   to investigate the validity of the product-transition 

indicated by the analysis,   a graphite-air combustion experiment should be 

performed in the range of conditions where surface kinetics and boundary 

layer diffusion are simultaneously important.    The experiment was performed 

and is the subject of this  report. 
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II.    EXPERIMENTAL APPARATUS 

The stagnation-point flow region of a re-entry vehicle was simulated 

in these experiments by the normal impingement of a hot,   circular,   sub- 

sonic air jet on a graphite specimen surface.     The air jet comprised the 

exit flow of a 200-kW (nominal maximum gross power) electric plasma arc. 

This arc is a two-chamber unit,   in which the first chamber consists of 

primary air injection ports,   a cylindrical graphite cathode on the axis,   and 

a copper anode surrounding the cathode.     The second chamber is a plenum 

in which the primary air is mixed and equilibrated with secondary air 

injected in the plenum,   or simply equilibrated without secondary air 

injection before ejection to the ambient.     The arc and its associated apparatus 

are described in detail in Ref.   4. 

John and Bade (Ref.   5) have described the method of subsonic plasma- 

arc simulation of hypersonic stagnation-point flows and conclude that the 

available data indicate that this method offers attractive simplifications 

for heat-transfer experiments in this regime.     Horn and Lafazan (Ref.   6) 

have reported ablation experiments performed in the Aerospace ZOO-kW arc 

facility using the subsonic jet technique. 

The experimental flow configuration is shown schematically in Fig.   2. 

The plasma-arc nozzle exit diameter was  1/2 in. ,   and the nozzle-to-specimen 

axial spacing was 1. 5 in.    All specimens were provided with a relatively 

large-diameter guard plate around the specimen to maintain the flat-plate- 

impingement configuration and to promote one-dimensional phenomena in 

the specimens.     The specimens used in the experiments were machined from 

an ATJ-graphite block of density 1. 76 glee.    Three types of specimen 

configurations and mountings were used in order that the experiments could 

be performed over a significant range of surface temperatures.     The surface 

temperature was controlled by varying the sample thickness and cooling 

the rear face.     The specimen configurations are shown in Fig.   3. 

5- 
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Fig.   2,    Experimental Configuration 
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A.        TYPE A SPECIMEN 

Type A specimens were used in tests at surface temperatures between 

1500 and 2700  R.    The specimen was 0. 45 in.   long and 0. 75 in.   in diam, 

with an integral 0. 10-in.   flange at the base.    A thermocouple was installed 

in the base flange.     The specimen was clamped between a copper calorimeter 

and the inner lip of the copper guard plate,   with a lava ring installed to 

minimize heat loss to the guard plate.    The heated face of the specimen 

protruded 0. 050 in.   from the front surface of the guard plate to allow for 

recession of the specimen during combustion,   without a significant change 

in the flow condition.     Porcelain cement was cast in the 0. 0ZO-in.   radial 

space between the specimen and the guard-plate inner lip to prevent gas 

flow around the specimen.    In several tests,   thin sheets of stainless steel 

were inserted between the specimen and the calorimeter face to increase 

the specimen temperature.    The water flow rate and temperature rise 

through the central calorimeter were monitored for each test.     The guard 

plate was water-cooled,   but the heat load was not monitored. 

B.        TYPE B SPECIMEN 

Type B specimens were used in tests at surface temperatures between 

Z300 and 3000  R.    The rear face of the specimen was an integral part of 

the calorimeter coolant passage and was clamped to the calorimeter by 

means of a threaded flange.    Diffusion of water coolant into the graphite 

specimen was prevented by installing a thin aluminum-foil disk at the rear 

face.    The length of the specimens ranged from 0. 50 to 1.3 in. ,   depending 

on the desired surface temperature; the diameter of the main body was 

0. 75 in.    One or more thermocouples were installed radially at various 

positions along the length of the specimen.     The 0. 0Z0-in.   radial space 

between the specimen diameter and the inner surface of the guard-plate 

inner lip was filled with porcelain cement.     Calorimetry was the same as 

on Type A specimens. 
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C.        TYPE C SPECIMEN 

Type C specimens were used in tests at surface temperatures near 

4100oR)  which was the radiation equilibrium temperature for the convective 

conditions of these tests for a sample radiating heat from both sides.     The 

specimen diameter was 1. 5 in. ; the thickness was 0. 125 in.    The specimen 

disk was held by three slotted posts at 120 degree intervals,   at an axial 

distance of 0. 125 in.   from a water-cooled copper guard plate.    A central 

jet of argon was directed against the rear surface of the specimen to prevent 

oxidation of that face.     Several tests were conducted to check the effect of 

sample stand-off distance,   mounting-post configuration,   and argon flow rate 

on the temperature and front-face combustion rate of the specimen.    These 

tests indicated that the configuration selected had no undesirable effect on 

the primary variables of the experiments.     The surface temperature (front 

face) was determined by manual measurement with a monochromatic 

optical pyrometer utilizing a beam reflected by a mirror installed on the 

rear face of the arc housing. 



a)   Before Test 

b)   During Test 

Fig.   4.    Views of Type C Specimen Test 
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III.    EXPERIMENTAL PROCEDURE 

The procedure for conducting a typical experiment was as follows: 

1) The specimen and its holder were positioned downstream of the 

plasma arc. 

2) The cooling water to the specimen and guard plate cooling 

passages were turned on. 

3) The cooling water temperature-rise thermocouples and the 

specimen interior thermocouple were connected to recording 

potentiometers. 

4) The plasma arc was operated for 60 sec at a nominal condition 

of 2 g/sec air flow and outlet enthalpy of 4060 Btu/lbm. 

5) The specimen was removed,   weighed,   and measured for 

dimensional changes. 

6) The records of arc operating conditions and specimen operating 

conditions,   i. e. ,   coolant flow rate,   temperature rise,   and 

internal temperature,   were analyzed to determine the average 

(one-dimensional) heat flux through the specimen,   the average 

specimen surface temperature during the test,   and the 

theoretical heat flux for the average arc operating condition. 

Photographs taken just prior to and during a combustion experiment with a 

Type C specimen are presented in Fig.   4. 

-11 



5000 

4000 

OD 

^    3000 

- - 

- - 

H 
00    2000 

MEAN JET  ENTHALPY 

AT NOZZLE   EXIT 

— - 1000 

o 

1000 
LL 

u    800 

> 
- 

yS 
\ 

- <    600 
' " 

tr 
UJ 

1    400 
SPECIMEN  INTERNAL 
TEMPERATURE   0.05 IN. 
FROM COOLED  END 

\ ̂  
200 

0 

10 

uT        8 
a: 

i  « 
UJ 
Q- 
5            zl 

> 
- 

/ 
/ 
^ "A - 

TEMPERATURE  RISE 
OF WATER FLOW THROUGH 
SPECIMEN CALORIMETER UJ 

1- 

2 

/ 

\ 

V 
1                   1 

(WATER FLOW  RATE= 
1                   1 

57. 7 ( ;M/SEC) 

20 30 40 

TIME, SEC 

50 60 70 80 

MEAN  VALUE OF   OTHER PARAMETERS: 

ARC VOLTAGE  -   82V                    AIR FLOW   RATE-2.1  GM/SEC 
ARC CURRENT -   950 amp            PLENUM PRESSURE —1.05 IN. HG. GA. 
ARC GROSS POWER-80 kW 
ARC NET POWER - 1 9 kW 

( DATA   OF TEST   NO. 9 - TYPE   A   SPECIMEN ) 

Fig.   5.    Recorded Parameters for a Typical Test 

•12 



IV.    EXPERIMENTAL RESULTS 

The experimental results for those tests that were considered of 

acceptable quality are given in Table 1.    Several tests were invalidated 

because of equipment breakdowns or because of the developmental nature 

of certain early versions of the specimen configuration and are not reported 

in Table 1. 

A.        SPECIMEN TEMPERATURES 

Typical recordings of significant operating parameters during a test 

(of Types A and B specimens) are shown in Fig.   5.    It may be noted that 

the recorded specimen temperature and heat load demonstrated a slow 

approach to the steady-state condition in the initial 20 sec of the test.     It 

was determined that the energy increment of this lag corresponded closely 

to the difference between the enthalpies of the graphite sample at steady 

state and at room temperature.    The calorimeter body (through which the 

sample transferred heat) absorbed negligible heat in the starting period. 

The approximate temperature profiles considered to exist in a Type A 

sample during a test are shown in Fig.   6.     These transient temperatures 

were calculated for the particular test conditions of heat flux and average 

sample properties,   using the solution of Carslaw and Jaeger (Ref.   8) for 

a plate cooled on one face and heated at constant flux on the opposite face. 

These profiles are somewhat idealized in that they do not indicate the small 

amount of radial heat loss from the specimen to the guard-plate inner lip, 

the effect of local temperature on conductivity,   or   the   rise of the rear-face 

temperature required to transfer heat to the calorimeter.     Since the 

objective in a typical experiment was to determine the combustion (graphite 

mass loss) rate at a particular value of surface temperature,   the variation 

of surface temperature during the starting period was undesirable,   but 

could not be avoided.     The profiles in Fig.   6 were calculated using con- 

servative values of conductivity and diffusivity (as specified in the figure) 
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and therefore the lag time of surface temperature shown is a conservative 

estimate.     Since the standard sample test period was 60 sec,   the dimen- 

sionless lag time (using 2/3 of the surface temperature rise as an indicator) 

was 3/60,   which is reasonable in comparison with the anticipated over-all 

experimental accuracy. 

Figure 7 shows the approximate steady-state temperature distribution 

in a Type A specimen for a typical test.     The nonlinearity is due   to the 

temperature-dependent thermal conductivity of graphite.    A stepwise 

numerical procedure was used for this calculation,   based on the measured 

heat load through the sample,   the measured temperature    near the rear 

face, and one-dimensional conduction through the specimen.    Again the heat 

loss near the front surface to the guard-plate lip is neglected,   since this 

loss was believed to exert a negligible influence at the surface temperatures 

prevailing with the Type A specimens.     The justification for this is based on 

the measurement of heat flux; the Type A configuration tests indicated heat 

flux values identical (within five percent) to values measured using a 

relatively cold copper specimen substituted for the graphite specimen. 

The surface temperatures of Type B specimens were also determined 

using the   numerical   conduction procedure,   modified to account for radiative 

loss from the side of the specimen and a conduction heat loss to the guard- 

plate lip.     The calculation procedure was checked against direct (thermo- 

couple) temperature measurements in the sample near the surface and 

corrected when necessary.     The surface temperature could not be measured 

directly,   for several reasons.    A thermocouple imbedded directly beneath 

the surface would have locally disturbed the temperature of the graphite, 

and would have become useless upon a slight recession of the burning surface, 

Pyrometric measurements were found to be subject to error at surface 

temperatures below 3000oR because of radiation from the arc column 

approaching the specimen,   and graphite particles released from the arc 

cathode. 
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The surface temperatures of Type C specimens,   measured 

pyrometrically,   were found to correspond,  within 50oR)   to the radiation 

equilibrium temperature for these conditions. 

B.        HEAT FLUX 

The primary reason for measuring the heat flux through the Type A 

and B specimens was to permit the calculation of the temperature of the 

heated surface.     Secondarily,   it is of interest to compare the measured heat 

flux with the theoretical value calculated for the jet conditions (see Appendix 

A).     The experimental heat flux values are compared in Fig. 8, with theoreti- 

cal curves for representative stagnation enthalpies.     The theoretical heat 

flux values are shown for a noncombusting surface with an emissivity of 

0. 9-    Modifications to these theoretical values,  which would result from 

accounting for the effects of mass addition and carbon combustion heat 

generation,   are not shown.     These modifications are estimated to comprise 
2 

a small positive correction between zero and Z0 Btu/ft   sec,   depending on 

the rate of combustion.     The experimental and theoretical heat flux values 

are in reasonable agreement at the lower surface temperatures (1600-ZOOO  R), 

but a discrepancy of approximately 20 percent appears at higher temperatures. 

This decrease of experimental values at higher surface temperatures is 

believed to be the result of inadequate insulation between the specimen and 

the guard-plate lip,   and requires that corrections be made to the calculated 

temperature,   based on additional internal temperature measurements.    The 

agreement with theory at lower temperatures indicates the actual non- 

dimensional jet enthalpy for all experiments was 1Z5±5,  whereas the values 

obtained from the arc heat balance were as low as 10Z.     The value deduced 

from the measured heat flux is felt to be more accurate,   and the lower 

heat-balance enthalpies are believed to have resulted from spurious changes 

in the arc instrumentation. 
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C.        SPECIMEN LENGTH AND MASS LOSS 

The fractional changes of length and mass for all specimens were 

found to be in good correspondence,   generally within 10 percent,   indicating 

the combustion of the graphite was confined to the exposed front surface, 

or a very thin layer at the surface.    In most tests the front surface recessed 

one-dimensionally,  with negligible as symmetry,   and remained flat except 

for a slight rounding of the edges of the face.    A slight central dishing of the 

Type C specimens occurred due to the failure of the stagnation-point 

similarity at larger radial distances,   but a reasonably flat central region 

existed that permitted accurate analysis.     Length loss of specimens was 

0. 050-in.   or less in all tests; therefore,   an initial 0. 050-in.   protrusion 

ensured that the specimen did not recede behind the front plane of the 

guard plate. 

D.   INFLUENCE OF CATHODE PARTICLES 

The use of a graphite cathode in the plasma arc introduced two 

potentially serious errors into the experimental combustion results.    First, 

the oxygen in the air flow may have been   depleted; the maximum depletion 

is estimated at 19 percent,   based on a nominal 3 percent contamination 

level.     This calculation was based on the assumption that the entire carbon 

cathode loss went into molecular combination with oxygen as carbon 

monoxide.     It is known that a large fraction of the cathode loss is in the form 

of large particles,   probably 10 to 1000 microns in diameter,  which do not 

burn completely before leaving the plasma arc.     Thus the 19 percent 

calculated oxygen depletion is in excess of the actual depletion,   perhaps by 

a factor of 3 or 4.    Second,   a fraction of these particles leaving the plasma 

arc have been observed to impinge on a combustion sample placed down- 

stream of the arc exit,   stick for sonne time,   and radiate before cooling to 

the sample temperature.     The particles then either remain stuck and burn, 

or are swept off.    In preliminary experiments,   graphite combustion samples 

at relatively low surface temperatures (determined by interior temperature 
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measurements in a sample) were observed to gain both mass and length. 

In addition,   the surface temperature observed pyrometrically under these 

conditions was erroneously high.     The highest observed rate at which mass 
- 3 2 

was added to the sample was l.ZX 10       lbm/ft   sec,  which corresponded to 

about 3 percent of the cathode loss rate.     The observed specimen combustion 
- 3 rates in the main series of experiments were in the range from 1X10 

-2 2 
to 1 X 10   '" lbm/ft   sec.     It was felt that a more-or-less arbitrary correction 

should be made to the observed combustion rates,   in which the corrected 

rate was the observed rate plus the particle addition rate.     This correction 

was performed for all tests,  with the correction term simply taken as the 
- 3 2 

highest observed addition rate,   1. 2 X 10      lbm/ft  sec.    No correction 

was made for oxygen depletion since it would have been quite arbitrary. 

It will be shown that the results of an experiment using an essentially 

uncontaminated plasma arc flow correspond closely to these results,  which 

lends some confidence to the particle-addition correction and the omission 

of an oxygen-depletion correction for the present experiments. 

E. COMBUSTION RATE AS A FUNCTION OF SURFACE TEMPERATURE 

Figure 9 shows the measured combustion rates as a function of 

specimen surface temperature.    For comparison,   the theoretical combustion 

rates based on Refs.   2 and 3 (and discussed in Appendix A) are included in 

the figure.     The theoretical rates are shown for the fast kinetics of Scala, 

and for each of two thermochemical equilibria.    Each experimental point 

is bracketed to indicate the estimated experimental error.    Also,   the 

theoretical curves are bracketed to indicate the uncertainty arising from 

estimated errors in the determination of the jet properties.     The estimated 

errors are discussed in Appendix B. 

F. COMPARISON WITH THE DATA OF DIACONIS,   GORUSCH,   AND 
SHERIDAN 

Figure 10 shows the nondimensional results of the present experiments 

and those of Diaconis,   Gorusch,   and Sheridan (Ref.   9) that were recently 

published.     The nondimensional combustion rate is defined as the ratio of 
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the observed rate to the maximum (theoretical) diffusion-limited rate for 

CO production at the particular surface temperature.    Theoretical results 

of Refs.   2 and 3 are shown for comparison.     It is noted that the relation 

for Scala's fast kinetics,   a one-half-order reaction,   and the carbon-dioxide 

dissociative equilibrium appear to correspond closely to the data shown. 

A virtually contamination-free plasma arc was used by Diaconis,   et al. ; 

thus,   it is apparent that the effect of cathode contamination in the present 

experiments was small. 

G.        COMPARISON WITH THE DATA OF GOLOVINA 

The experimental combustion results of Golovina and Khaustovich 

(Ref.   10) offer an interesting comparison with the present results.     Their 

data for oxygen reacting with graphite are shown as a shaded area in Fig.   10. 

The experimental apparatus consisted of a graphite sphere,   heated by 

electric induction,   over which either oxygen (in air) or carbon dioxide gases 

flowed.     The gas flow was contained in a glass tube and was subsonic.    The 

gas temperature was initially at room temperature.     Since the average mass 

loss rate from a sphere is somewhat different than at the stagnation region, 

the data of Golovina are not directly comparable with the present results, 

but may be compared qualitatively on a nondimensional basis.     The reference 

mass loss rate has been taken as the diffusion-limit for CO production,   as 

shown in Ref.   10.    Theoretical values of temperature for the intermediate 

regime- and product-transitions are essentially the same as those shown 

for the conditions of Diaconis. 

It may be seen that the data of Golovina correspond closely to the 

results of the Type A,   B,   and C specimen tests,  and to the data of Diaconis, 

from 2200 to 3200  R,   but differ somewhat at the lower temperatures.    This 

difference is in the intermediate regime,   where Golovina1 s data lie about 

400OR higher in temperature than the present results. 

23 



o 
o 
o 
^r 

ra 
c 

o 0 
o -(-> 
03 n) 
to 

UJ en. 
z ■ H 

^ CO 
z 0) 
< > 
or c 

o l-H 
o   , r 
CVJ     ^ u 
ro    ^ 0) 

h- ^ 
< ■p 

tr 0 
UJ 
a. A 

c»   >- 

4J 
■H 

CVJ     UJ 
o 
< 0 
Ü- tn 
tr • H 

D u 
(/) n) 

O a 
o a 
C\J 0 

U 

be 

■*o-iUJ 
31VH NOIlSnaWOD "lVN0ISN3IAIiaN0N 

■ 24- 



Golovina and Khaustovich commented on the inflection of the 

combustion rate at intermediate temperatures,   and suggested that this 

may be associated with a transition from CO    to CO production at the 

surface.     They obtained a severe inflection in the reaction-rate using C09 

as the gaseous reactant,  which is unexplained at the present time. 

H.        COMPARISON WITH COLD-AIR DATA 

In an attempt to establish whether the cathode-particle contamination 

and oxygen depletion existing in the tests using Type A,   B,   and C specimens 

might have caused some error in the combustion measurements,   a brief 

series of tests using a cold-air jet was performed.     These tests used what 

was essentially the reverse of the Type C specimen flow configuration,   in 

that a hot plasma-arc flow of argon was used to heat one side of an ATJ- 

graphite disk,   and a cold jet of air was used to burn the other side of the 

disk.    The burning face of the disk was viewed directly with an optical 

pyrometer.     These results are shown for comparison in Fig.   10,   as a 

shaded area.     Theoretical values of the intermediate regime- and product- 

transitions are essentially the same as shown for the main test series. 

These cold-air test data appear to be displaced about 600   R to a 

higher temperature than the results of the main test series,   with the 

combustion rate undergoing a prolonged rise from zero to the CO diffusion 

limit over a temperature range of approximately 2000   R.    It is not clear 

that the discrepancies between the cold-  and hot-air data are the result of 

errors arising from the cathode particles in the hot-air tests.    It is 

conceivable that fundamental differences exist in the kinetic phenomena at 

a burning carbon surface between the cases of a hot jet impinging on a 

cooler surface or a cold jet impinging on a hotter surface.    That this might 

be the case may be seen by considering the diffusion and kinetic phenomena 

as they vary with local pressure and temperature in the pores beneath a 

carbon surface.    Since the pores constitute a major fraction of the burning 

surface area,   a reversed temperature gradient near the surface could 

effectively change the over-all kinetic behavior. 
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V.    CONCLUDING REMARKS 

The experimental data presented in this report indicate that (a) the 

theoretical solution of Refs.   2 and 3 for the diffusion-limited combustion 

rate is approximately valid,   provided the effective product of combustion 

is known; (b) the fast kinetic relation of Scala (Rcf.   1) correctly locates 

the temperature below which combustion of ATJ graphite becomes negligible 

compared to the diffusion-limited combustion rate;  and (c) the surface 

thermochemical equilibrium ZCCL t* 2CO + O- appears to be applicable, 

rather than CO» + C(S) ^   2CO,   in the temperature range investigated. 

The experimental errors stemming from the cathode-particle 

contamination present in this investigation appear not to be significant,   in 

view of the favorable comparison with the recent results of Diaconis.    Both 

investigations involve other sources of error,   however,   and the data scatter 

indicated in Fig.   10 serves to emphasize the need for additional experimental 

data in this temperature range.     The data of Golovina and Khaustovich and 

the results of the brief series of tests using a cold-air jet indicate an 

extended temperature range over which the combustion rate varies,   as in 

the tests using hot air,   but at somewhat higher temperatures.    This 

difference may result from a dependence of the surface kinetics on the 

direction of heat transfer at the surface,   or from experimental errors of 

an undetermined nature. 

Reaction-kinetic experiments by other investigators (discussed in 

Ref.   3) have failed to indicate a unique form for an empirical kinetic relation, 

even for a particular grade of graphite.     This presents a problem in 

adequately describing the interaction between diffusion and kinetic effects, 

as was attempted in Ref.   3.    The interaction was therefore described by 

arbitrarily utilizing the representative kinetic relations of Scala (Ref.   1), 

to permit a comparison with experimental results,   even though the kinetics 

may be different for the particular material used in the experiments.     Thus, 
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the theoretical curves shown in this  report do not necessarily indicate the 

correct temperatures at which one should expect the major variations 

in combustion rate for ATJ-graphite.    At the present time,   therefore,   the 

comparisons shown here should be considered as qualitative and preliminary. 
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APPENDIX A 

Theoretical Heat Flux and Combustion Rate Calculations 

I. HEAT FLUX 

Theoretical values of the stagnation-point heat flux for each test 

were calculated using the Fay and Riddle correlation: 

0. 1 
0.763   /lawP\v\ ,„ ,0. 5 

"i  4. /T    0-63      n hD 1 + (Le -  1   ■=— h 
s -J 

(h    - h   ) 
s        w 

(A-l 

The use of this correlation for the calculation of theoretical heat flux from 

a subsonic plasma jet to a stagnation-point surface upon which it impinges 

has been discussed by John and Bade (Ref.   5).     They utilized the equation 

of state and the isentropic relation for real air to calculate the mean density 

and velocity of the jet,   based on the stagnation pressure in the plasma-arc 

plenum and net power input to the gas.    Also,   the inviscid velocity gradient 

ß near the stagnation point was taken by John and Bade as the ratio of the 

mean jet velocity to the exit nozzle diameter; this equivalence was indicated 

by pressure measurements at the stagnation surface.    It can be shown that 

it is unnecessary to use the compressible relations for real air to evaluate 

Eq.   (A-l).    Since the inviscid velocity gradient is simply the mean jet 

velocity divided by the jet outlet diameter,   Eq,   (A-l) becomes 

0.763 

Pr 

- -   0.5 p   u \ s   s\ 
(F, 

0.5 
0. 1 

1 + (Le 0. 63 D 
h 

s J 
(h h 

w 

(A-2) 
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The measured rate of air mass flow input to the plasma arc may be utilized 

to evaluate the product of the mean density and velocity by simply dividing 

that rate by the exit-nozzle flow area.    If the ratio of plenum-to-ambient 

pressures is kept near unity,  the Mach number of the jet is low,   and the 

stream viscosity,   density,   and enthalpy may be taken at the values for 

the stagnation condition at one atmosphere,   with negligible error.    The 

stagnation enthalpy was evaluated from the net electrical power input per 

unit mass of air flow per second.     The property values for dissociated 

air were taken from Ref.   7; the Lewis number was taken as  1.4. 

II.        COMBUSTION RATE 

Equation (17) of Ref.   3 shows that the diffusion-limited mass loss 

rate is 

AlCl,e/r+6)'3(Pe^e)sC 

m      ,  ,     = 0  (A-3) 
w, d. 1. niMi 

Sc T-T— + A0Cn n   M Z    1, e w    w 

and Eq.   (16)  of that reference indicates that the mass loss rate in the 

kinetic regime is a function of these and additional kinetic variables.    For 

the details of the calculation method the reader is referred to Ref.   3.    The 

parameter     \/2ß(p |x  )   C     in Eq.   (A-3) was calculated in a manner similar 
ceo 

to that used in Eqs.   (A-l) and (A-2),   namely,   by equating the inviscid 

velocity gradient to the ratio of mean jet velocity to jet diameter and sub- 

stituting the mass flow per unit area for the velocity-density product. 
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APPENDIX B 

Estimation of Experimental Errors 

I. SPECIMEN COMBUSTION RATE 

The combustion rate was calculated by the relation 

mw = Pg(AL/At) 

The errors estimated to exist are 

Symbol Description Measured By Estimated Error,   % 

pg Graphite Chemical balance ±1 
density 

AL Specimen Vernier ±Z 
length loss calipers 

At Test time Stop watch ±2 

±5   Total 

II.        SPECIMEN SURFACE TEMPERATURE 

A.        Type A Specimen 

T    computed by measurements of temperature near the rear face, 

heat load through the specimen,   and calculation of conduction through 

graphite,   in finite numerical increments to allow for variation of k with T. 

The thermal conductivity data of Armour Research for commercial graphite 

were taken as listed in Ref.   11.    The surface temperature was obtained 

with the relation 

n      (L - x ) 
T
s 

= TK>+ E ^—=T- s a       £-J      nk(T.) 
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The errors estimated to exist are 

Symbol 

T(x ) 
a 

L - x 

n 

Description 

Temperature 
near cooled 
face 

Heat flux 
through 
specimen 

Modified 
specimen 
length 

No.   of 
increments 
(usually 
eight or more) 

Thermal 
conductivity 

Measured B 1 

Thermocouple, 
recording 
potentiometer 

Water- cooled 
calorimeter 

Estimated Error 

±10OF 

Vernier 
calipers 

±5% 

±2% 

(see Ref.   9) ±5% 

±12% ± 10  F 

The temperature difference T    -  T(x  )   was on the order of 1000oF. 
S ct 

Thus,   the order of error in surface temperature calculated is 130oF for 

Type A specimens. 

B.        Type B Specimen 

Surface temperature was calculated in a manner similar to that used 

for Type A specimens,   except that additional computation increments were 

provided because of increased specimen length.     The rear face temperature 

was estimated to be 30  F above the saturation temperature of the calorimeter 

cooling water,   and this was verified within 30  F in a preliminary test with 

an internal thermocouple in a specimen.    Approximately 15 percent of the 

incoming heat flux to the front surface was estimated to be diverted to the 

guard plate,   so the calculation procedure had to be modified for non-one- 

dimensional heat flow based on a measurement of internal specimen 
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temperature near the heated surface.    Also,   a small correction was made 

for radiative loss from the circumference of each computation segment. 

These modifications were necessarily crude,   and the over-all error is 

estimated to be about ±150  F,   somewhat greater than with the Type A 

specimen. 

C.        Type C Specimen 

The surface temperatures of Type C specimens were measured with 

a manual monochromatic pyrometer at 0.65 microns wavelength.     The 

emissivity correction was insignificant because of the high emissivity of 

graphite.     The combined errors of imperfect luminosity matching by the 

operator and inherent instrument errors are estimated to be within ±150  R 

at 4100oR. 

III.      ARC OPERATING CONDITIONS 

Variations and uncertainties in the arc operating conditions for these 

experiments affected the consistency of comparison of experimental com- 

bustion rates at various surface temperatures and the accuracy of the 

calculations of theoretical values of heat transfer and mass loss rates. 

The significant parameter determined by the arc conditions for mass 

loss rate is 

fiWJJ^ or 
8m. 

TTd; 
Hi   C e 
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Symbol Description 

^j 
Air flow rate 

dj 
Exit diameter 

^e 
Mean jet 
viscosity 

C Density- 
viscosity ratio 

The estimated errors arc 

Measured by Estimated Error,   % 

Bourdon-recorder ±3 

Vernier calipers ±1.5 

(enthalpy meas- ±1 
urement and 
Ref.   7) 

(surface tempera- ±0. 5 
ture,   enthalpy) 

Total ±6 

In addition to these indeterminate errors,   small variations in air 

flow rate and enthalpy occurred,   amounting to a ±3. 7 percent determinate 

variation in the square-root parameter.     Thus,   taking one-half of the 

indeterminate error in terms appearing inside the square root term and 

adding the determinate variation,   the expected range of applicability of an 

average value of this term is +6. 7 percent. 

The square-root parameter above is also a major term in the 

calculation of theoretical heat flux.    Heat flux (see Eq.   A-2) also includes 

the enthalpy difference (h    - h   ).    The stagnation enthalpy was determined 

by the relation 

Gross Power into Arc minus Cooling Losses 
s Air Mass Flow Rate 

A facility calibration recently performed has indicated that stagnation 

enthalpy may be determined with an average accuracy of about ±7 percent 

by this method.    Thus,   the theoretical heat flux for a particular test was 

accurate to within ±10 percent,   adding the indeterminate error in the 

square-root term to the enthalpy uncertainty.    As noted in subsection IV-B, 
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the comparison of experimental and theoretical heat flux indicates that the 

arc instrumentation suffered spurious changes in some tests,  yielding 

erroneously low indicated enthalpy values,  by about ZO percent. 
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